Neutron activation analysis was employed in a survey of weathering abilities of rock surface microorganisms. A yeast isolated from an amphibolite of a megalithic grave was found actively to concentrate, in media and in or on cells, iron and other elements when grown in the presence of ground rock. This was demonstrated by comparing a spectrum of neutron-activated amphibolite powder (particle size, 50 to 100 tim) with the spectra of neutron-activated, lyophilized yeast cells which had grown with or without amphibolite powder added to different media. The most active yeast (IFAM 1171) did not only solubilize Fe from the rock powder, but significant amounts of Co, Eu, Yb, Ca, Ba, Sc, Lu, Cr, Th, and U were also mobilized. The latter two elements occurred as natural radioactive isotopes in this amphibolite. When the yeast cells were grown with neutronactivated amphibolite, the cells contained the same elements. Furthermore, the growth medium contained Fe, Co, and Eu which had been solubilized from the amphibolite. This indicates the presence, in this yeast strain, of active rockweathering abilities as well as of uptake mechanisms for solubilized rock components.
Microbial involvement in the initial processes of rock weathering is difficult to prove in shortterm experiments. One would hope for the presence of rock-specific elements in the liquid culture medium after exposure of rock particles to microorganisms, as has been tried by several authors (1-3, 7, 9, 10) . Only a few methods are suited to determine, in organic materials, microgram-per-gram or nanogram-per-gram quantities of elements. Atomic absorption spectrometry or X-ray diffraction analysis, which could be employed, requires complicated sample preparation techniques and do not allow the determination of many different elements in one procedure.
Neutron activation analysis is a fast and sensitive method to determine accurately, qualitatively and quantitatively, even trace amounts of many elements. The method is based on nuclear reactions. A sample to be analyzed for its element spectrum is exposed to neutron bombardment in a nuclear reactor. Depending on the specific activation cross section, the atomic nuclei of elements (A) catch thermal neutrons (i.e., neutrons of the energy of thermal gases, 0 to 0.04 eV, no') and become converted into atomic nuclei of the next higher mass number: zaA + nol = za+'A. If the newly formed isotope is unstable, it will emit particles of discrete energies, the spectrum of which can be detected (2, 4) . Thus , it is possible to compare the energy distribution spectrum of neutron-activated mineral powder with that of neutron-activated microorganisms or spent medium after the cells had been grown in the presence of activated or nonactivated mineral powder. In the work described here, neutron activation analysis has been successfully employed as an initial scanning method to detect a yeast's ability to leach out and take up various elements from a rock with a complex composition (amphibolite). To decrease the dangerously high radiation of shortlived isotopes such as 24Na, a decay time of 12 days was chosen before further analyses were made.
MATERIALS AND METHODS
The external surfaces of the quartz ampoules were cleaned as described above. Analyses of the sealed ampoules were carried out in a Canberra 8100 multichannel analyzer, with a high resolution Ge/Li detector and DEC PDP 11/15 computation (Digital Equipment Corp.) with the program GAMMAK. The energy analyses were calibrated with 22Na, '37Cs, and 'Co isotopes, respectively.
The sample and control spectra were corrected for decay back to the time of the first amphibolite's yspectrum: A = Aoe-7' (A = actual activity of sample, Ao = initial activity of sample, A = ln 2/th, th = halflife, t = time).
To obtain the relative proportion of the activity of each isotope, the percent quantity of each y-energy was determined by taking the counts of the 59Fe -I peak as 1.0. The relative proportions of the total spectrum could be determined for the other isotopes.
Of course, it must be considered that the abundance of isotopes detected did not necessarily correspond to the elemental abundance in the original target material.
RESULTS Neutron activation analysis of cells grown with nonactivated amphibolite. In a first experiment, some cells were grown in a rich medium (PYG), and others were grown in a poor medium with respect to trace elements (ANG), either with or without amphibolite powder present (Fig. 1) . After 4 weeks the cells were harvested, washed, lyophilized, and neutron activated, and their energy spectrum was determined as described above (Fig. 1, no. 3 to 10) . Concurrently, precleaned and dried amphibolite powder was activated in the same way. Additionally, to be able to correct for quartz ampoule background and contaminations due to the reactor, an empty ampoule was also activated and measured (Fig. 1, no. 1 ).
In the uninoculated amphibolite powder sample (Fig. 1, no. 2), the following main isotopes were detected after correction for background radiation and after 12 days of decay time: 2NNp, 69syb, 152Eu, '31Ba, 59Fe, 47SC, 177Lu, 23Pa, 51Cr, '4OLa, 232Th, 46Sc, and 6Co. Energies and halflives, as well as the isotopes' origins and their activation cross sections, are listed in Table 1 .
The corrected spectrum of the amphibolite is shown in Fig. 2 . It is again given, for comparative purposes, in Fig. 3a, 4a , and 5a as a histogram.
Isotope analysis of the yeast cells grown in medium PYG(-) (Fig. 1 , no. 5 and 6) revealed very small amounts of the elements 6OCo, 59Fe, 51Cr, 46Sc, and 14'La (Fig. 3c) . In the -y-spectrum, (Fig. 1, no. 3 and 4) gave an isotope spectrum which was qualitatively similar to that of the original amphibolite ( Fig. 3a and b) . Only 47Sc and '75Yb were missing completely because of their relatively short halflives. The Fig. 1 , no. 7 to 10; Fig. 4a and b) . In the case of ANG(-), the typical amphibolite isotopes could not even be detected.
Cells grown in ANG(+) again showed a spectrum very closely related to that of the amphibolite, although some isotopes were missing completely: lllYb, 131Ba, and 47SC. The proportions of 2Np and 233Pa (which are descendants of the natural radioisotopes 2'U and "Th), as well as 5"Cr and '4'La, were relatively higher. In somewhat smaller proportions 'Sc occurred.
In comparison with the energy spectrum of PYG(+) cells, that of ANG(+) cells showed relatively smaller proportions of 9Np, 5mCr, 14"La, 6 'Co, and especially of "'Lu, whereas the proportion of 'Sc was relatively higher. '52Eu, despite its large activation cross section, only appeared in trace amounts (Fig. 3b) or not at all (Fig. 4b) .
Analysis ofcells grown with preactivated amphibolite. For the second experiment, neutron-activated amphibolite was used as a tracer to demonstrate element solubilization and uptake from the rock powder by the yeast cells. The material from ampoule 2 ( Fig. 1) was diluted with nonactivated amphibolite (1 + 4 parts), cleaned by dialysis, added in a dialysis bag to 50 ml of PYG medium, and sterilized by autoclaving, and the medium was inoculated. After 5 weeks of incubation (22°C), the cells were harvested, washed, dried to constant weight (60.86 mg), and analyzed (Fig. 1, no. 11 ). All isotopes of the amphibolite which have long half-lives could be detected in these cells (Fig. 5a and b) . Their proportions nearly corresponded to those obtained in the first experiment with PYG(+) (Fig.   3 ).
The cell-free medium (Fig. 1, no. 12) I7eLu (n, y) '77Lu 232Th (n, _y) 233Th 23mi 233Pa analyzed. Seen as relative proportions, significant amounts of "5Fe, '"Co, and "'2Eu were found here (Fig. 5c) . In another experiment, not discussed here, a bacterial strain which showed no weathering activities was grown with neutron-activated amphibolite as described above for the second experiment (see lower part of Fig. 1; i.e., PYG and 22°C). After 5 weeks of growth, none of the isotopes dissolved from the rock material by the yeast culture (Fig. 3 to 5 Fig. 3a and 3b, Fig. 4a and 4b , and Fig. 5a and 5b, respectively; they are significant at the 99.9% level.
This shows that about 90% of the elemental association and frequency found in or on the cells can be accounted for by the element distribution found in the original amphibolite. An analogous comparison between cells grown in PYG(+) with those grown in PYG(-) furnished conclusive evidence that both are statistically independent in terms of the chi-square test (a < 0.01) with regard to the elements detected (see Fig. 3 and 5 ).
DISCUSSION
The data presented here demonstrate the possibility of employing neutron activation analysis for qualitative scanning of rock weathering caused by microbial activities and for demonstrating uptake of the solubilized elements. Although this could encourage other similar applications, one must keep in mind that only some elements can be detected in this fashion. A toosmall activation cross section of the element, or a short half-life of the resulting isotope, or both would prevent this isotope from being detected. Thus, the activation time and the time allowed for subsequent decay select for the elements that can be determined.
A great advantage of such experimental methods is the still large range of elements that can be determined. Also advantageous are easy sampling of the material to be investigated and the small danger of contamination with, for instance, airborne trace elements. This was demonstrated especially in the second experiment (Fig. 1, no.  11 and 12) .
The quantitative accuracy ofthe experimental data deserves some comments. The standard deviations of the counts per channel (Fig. 3 to 5) were sufficiently low to allow for a comparison of the peaks obtained in experiments with different growth conditions as shown by the calculation of the Pearson-Rank correlation coefficient. One obvious problem was the complex elemental composition of the target material which rendered the analyses of some of the isotopes' by-peaks (i.e., peaks that appear with lower probability, but are necessary for correct identification of the isotope) more difficult.
These experiments were not designed for strictly quantitative interpretation of the neutron activation analysis. However, decay, detector efficiency, and abundance corrections could easily be made to obtain data on the mass of elements present in the sample material. Standard amounts of the elements in question would only have to be activated parallel with the samples (6, 8) .
The data could have been different if the yeast cells would have had direct contact with the rock powder particles. Instead, the sterile powder was confined to membrane bags. However, the difficulty in accurately separating the yeast cells from minute amphibolite particles made us choose this somewhat less ecological approach. It was possible with this technique to differentiate between solubilized elements present in the medium and those associated with the washed cell fraction. These data cannot as yet exclude the possibility of adsorption of some of these isotopes to the surface of the yeast cells, rather than these being transported into the cell.
The different response of the yeast culture, grown on different media, to the same amphibolite may have been due to formation of different metabolites. This assumption is supported by the fact that medium ANG became acid as a consequence of the yeast's growth.
Present investigations point to the possibility of a leaching process actively mediated by ionophores and possibly organic acids.
The investigation of microbial weathering processes that destroy prehistoric monuments is becoming ever more important. Our study has unequivocally proven that a microorganism obtained from a weathering rock surface has a potential for active rock mineral degradation, in this case the breakdown of amphibolite. 
